NOR1 (Oxidored-nitro domain-containing protein 1), also known as OSCP1, was first identified in nasopharyngeal carcinoma (NPC) cells in 2003. NOR1 is evolutionarily conserved among species with its expression is restricted to brain, testis and respiratory epithelial cells. NOR1 was downregulated in NPC and the downregulation associates with poor prognosis. Previous study demonstrated that hypermethylation of NOR1 promoter was observed in NPC and hematological malignancies, which has been believed to be the main epigenetic cause for NOR1 silencing in these cancers. Recently, the NOR1 tumor suppressor status has been fully established. NOR1 inhibited cancer cell growth by disturbing tumor cell energe metabolism. NOR1 also promote tumor cells apoptosis in oxidative stress and hypoxia by inhibition of stress induced autophagy. Moreover, NOR1 suppressed cancer cell epithelial-mesenchymal transition, invasion and metastasis via activation of FOXA1/HDAC2-slug regulatory network. Deciphering the molecular mechanisms underlying NOR1 mediated tumor suppressive role would be helpful to a deeper understanding of carcinogenesis and, furthermore, to the development of new therapeutic approaches. Here we summarize the current knowledge on NOR1 focusing on its expression pattern, epigenetic and genetic association with human cancers and its biological functions. This review will also elucidate the potential application of NOR1/OSCP1 for some human malignancies.
Introduction
Tumor suppressor genes (TSGs) has been defined as of a second class of genes involved in cancer which oppose oncogene function and restrain cancer development. Aberrant activation of oncogenes and inactivation of TSGs is essential for cancer development [1] . It has been proposed that a physiological balance between tumour suppressors and oncogenes in normal cells maintains tissue homeostasis and inhibits malignant transformation [2] . Nasopharyngeal carcinoma is a specific kind of head and neck cancers with rare p53 TSG mutations and retinoblastoma susceptibility gene alterations [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . In order to identify new TSGs involved in NPC development, Nie et al. utilized the cDNA array technique to compare the differential expressed genes between a NPC cell line HNE1 and normal nasopharyngeal epithelial cells and found a novel EST showed dramatically decreased in HNE1. He further
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International Publisher isolated the novel gene which this downregulated EST derived. It has been shown that the protein encoded by this downregulated gene exhibits high similarity to the "classical" nitroreductase of Salmonella typhimurium, so it was named as the oxidored nitro domain containing protein 1 (NOR1) [14] . Human NOR1 has also been identified as a solute carrier protein named as human solute carrier protein 1(hOSCP1) which mediates various kinds of organic solutes in a pH-dependent and sodium-independent manner on the basal membrane of the placenta [15] . The previous study demonstrated that NOR1 was downregulated in various cancer types, such as in nasopharynx, lung, gastric, colon, rectum and cervix cancers [16] [17] [18] [19] , which suggests that its low expression may contribute to the pathogenesis of these cancers. It has been shown that DNA hypermethylation mainly account for NOR1 silencing in NPC and hematological malignancies [20] [21] [22] . Moreover, hypermethylation of NOR1 is associated with resistance to imatinib and shortened survival in chronic myelogenous leukemia [23] , suggesting NOR1 is a potential epigenetic biomarker for the diagnosis, prognosis and treatment of cancers. Recently, NOR1 was shown to be a tumor suppressor gene and plays an important role in lots of cellular processes such as cell proliferation and survival via modulating cell cycle S phase delay and energe metabolism of tumor cells [18, 19, [24] [25] [26] . It has been shown that NOR1 induces ER stress and apoptosis of tumor cells by modulating expression mitochondrial Bax and Bcl-2 family members [18, 19, 24] . Moreover, NOR1 was found to be an antagonist of epithelial-mesenchymal transition (EMT) in tumor cells by activation of FOXA1 and HDAC2 thus in turn inhibit slug transcription [27, 28] . Accordingly, this review will summarize the current literatures on NOR1 and aims to putting forward an assumption of NOR1 as gene therapy strategy for malignant cancers.
Gene structure, evolution, and alternative splicing of NOR1 NOR1 is evolutionarily conserved among species. At present, except for human NOR1 gene, mouse, rat and Drosophila orthologue of NOR1 was successively isolated and well characterized [29] [30] [31] ( Figure 1A ) ( Table 1) . Among these orthologues, mouse NOR1 (mNOR1) and Drosophila NOR1 (dNOR1) share 86% and 58% homology with its human counterpart, respectively [17, 31] . Human NOR1/OSCP1 gene consists of 11 exons which is mapped to chromosome 1p34.2 and spans 33.4 kb of the genomic DNA. Among the 11 exons, exon 2 is only 30-bp length which encoded for 10 amino acid residues and located between two large introns [32] . Alternative splicing at the exon 2 resulted two isoforms of NOR1/OSCP1 gene products, which one is 389 aa residues and the other is 379aa residues ( Figure 1B) . It has been shown that both isoforms were simultaneously detected in brain. However, the shorter isoform was the sole one expressed in other tissues out of brain [32] . Alternative splicing on exon 2 seem to be evolutionarily conserved among species since mouse NOR1 isoforms resulted from alternative splicing on exon 2 exhibit similar tissue distribution pattern [33] . An evolutionary conserved region called oscp1 superfamily was found in human NOR1 protein from amino acid residue 17 to 190 ( Figure 1C ). Since the shorter isoform without the 10 aa encoded by exon2 is the sole isoform detected in the most tissues such as testis and nasopharynx, it is likely that exon 2 is dispensable for NOR1/OSCP1 functions in tissues except for brain. However, the exon 2-encoded 10-amino acid insert is restricted to the human and mouse brain [32, 33] , thus it may be important for NOR1/OSCP1 function in the central nervous system (CNS). Actually, a potential casein kinase II phosphorylation site was found in the TEVD motif of this 10-amino acid insert [33] , which imply that the longer NOR1/OSCP1 isoform in CNS is a candidate target of casein kinase II in brain.
Tissue distribution, subcellular localization of NOR1/OSCP1
Human NOR1/OSCP1 mRNA is highly expressed in testis [15, 32] , moderately in nasopharynx, trachea and parotid gland, and weakly or absent in heart, liver, skeletal muscle [32] . By use of homemade anti-serum against human NOR1 protein, Xiang et al. found endogenouse human NOR1 protein was clearly detected in nasopharynx, trachea and brain homogenate [16] . Although NOR1 mRNA was very weak in brain, strong cytoplasmic staining for NOR1 protein was observed in neurons of central nervous system (CNS) but not in glia cells [16] . Normally, NOR1 mRNA and protein was weakly or absent in heart, liver, skeletal muscle, stomach and colon [16, 32] , but it is possible that NOR1 expression may be induced by stress during pathological conditions since human NOR1 was shown to be induced by oxidative stress in NPC cells [20] .
The tissue distribution pattern of mouse and rat NOR1/OSCP1 homologues is similar to its human counterpart, of which testis have the highest mRNA level, heart, liver, spleen, stomach, muscle and colon have no expression of NOR1 in normal condition [17, 29, 30, 33] . However, Drosophila orthologue of OSCP1 (dOSCP1) exhibits a more ubiquitous tissue distribution pattern including brain lobes, leg discs, wing discs, eye discs, fat bodies and salivary glands [31] . Thus, the tissue expression pattern of NOR1 orthologues seems to be different across multiple species.
Subcellular localization of NOR1 protein is controversial. Although human OSCP1 protein has been reported to localize in the basal membrane of the syncytiotrophoblast in the human placenta [15] . It has been also reported to mainly distribute in cytoplasm of nasopharyngeal epitheliums and neurons [16] . Immune electron microscopic analysis also revealed exogenously expressed human NOR1 protein is localized in mitochondrion and endoplasmic reticulum(ER) in HeLa cells [18] . Mouse NOR1/OSCP1 protein is a 45-kDa cytosolic protein [33] . However, it was also found to distribute in preand post-synaptic compartments, but not associated with synaptic membranes or mitochondria [34] . Surprisingly, it has been shown that dOSCP1 distributes not only in ER, Golgi apparatus and mitochondria, but also to the plasma membrane and even translocate into the nucleus [31] . Thus, the subcellular location of NOR1/OSCP1 protein may be variable among species and different cell types (Table 1) .
Developmental expression of NOR1/OSCP1 in brain and spermatogenesis
Human NOR1 protein is broadly distributed in the CNS. Intensive immuno-staining of NOR1 was observed in neurons of cerebrum, cerebellum (purkinje cells), corpus striatum, globus pallidus, cingulate gyrus and spinal cord [16] . Mouse NOR1 orthologue is also highly expressed in the CNS. Immunohistochemistry assay revealed that mouse NOR1 protein is broadly distributed in brain, of which the pyramidal cells in the CA1 regions of the hippocampus and dopamine neurons in the midbrain showed the most high expression level [17] . Dynamic analysis revealed that the protein level of NOR1 in mouse brain is temporally changed after birth, which low at the first day after birth and then increase to reach maximal level at 28 days [17, 34] . The dynamic of NOR1 expression was similar to those of synapsin I during postnatal development of the mouse brain, but was inversely correlated with that of MAP2c expression, which imply that NOR1 protein is associated with neuronal maturation after birth [34] . However, little is known about NOR1 function in neuron. Since deletion of NOR1 in mouse fail to produce any visible morphological changes of brain (unpublished data), NOR1 seem to be dispensable for neural morphogenesis.
NOR1/OSCP1 protein seem to be expressed in germ cells but not in Sertoli cells [17] . Mouse NOR1/OSCP1 protein expression during spermatogenesis exhibits a stage-and cell type-specific manner. Its expression is undetectable in the stages I-VI (pachytene spermatocytes) until started from stage IX (leptotene spermatocytes), then followed by an increase in stages II-IV (pachytene spermatocytes) and further reached the maximal level in stages V-X (pachytene spermatocytes), stage XI (diplotene spermatocytes), stage XII (meiotic cells). Its expression retained at submaximal level in steps 1-14 spermatids until finally was disappear in spermatids of step 16 [33] . The developmental expression of OSCP1 protein in testis suggested it might play important role in spermatogenesis. Interestingly, OSCP1 mRNA was found significantly decreased or even disappear in severe disorders of spermatogenesis [35] .
NOR1/OSCP1 functions as an organic solute transporter
Membrane transporters on the cell's surface plays a central role in the elimination of a wide range of environmental toxicants and drugs. It has been shown that OSCP1 protein was localized at basal membrane of human placental syncytiotrophoblast and mediates the transport of substrate in a pH-dependent but Na+-independent manner [15] . However, it still remains controversial whether OSCP1 could act as a membrane carrier at all. Firstly, unlike the typical membrane localization of classical transporter family members, OSCP1 protein mostly distributes in cytoplasm [33] . Secondly, OSCP1 protein showed little effect on the transportation for E1S (estrone-3-sulfate) when stably over-expressed in HEK293 cells. Even after expression of human OSCP1 in Xenopus laevis oocytes, the authors failed to get the evidence supporting the transport activity of OSCP1 for steroid sulfates [35] .
Genetics, Epigenetics and Expression of NOR1 in human cancers
Abnormal genetic alteration represent a key important mechanism which lead to oncogene activation and tumor suppressor gene inactivation [36] [37] [38] [39] [40] [41] [42] . DNA sequence change in the code region of the gene usually lead to amino acid residue replacement or substitution and subsequently result in gain or loss of function of proteins. One of the most frequent types of genetic variations is the single nucleotide polymorphisms (SNPs). A pilot works studied the association between NOR1 genetic variation and risk for NPC. According to the data, two single nucleotide polymorphisms (SNPs), rs1416840 (formerly ss2220003, 656T>C) and rs2275477 (formerly ss3211583, 919G>A), of NOR1 gene is associated with increased risk for NPC. Compared to control, NPC patients displayed a statistically significant increase in genotype CC of NOR1 gene rs1416840 and in genotype AG+AA of NOR1 gene rs2275477. In addition, haplotype analysis revealed haplotype AC consist of these two SNVs rs1416840-rs2275477 might increase the risk of NPC [43] .
The expression of hOSCP1 mRNA exhibited quite low level in the human liver [15] , However, some liver cancer samples showed intensive immuno-staining for NOR1 protein [17] . This implies genetic variation of NOR1/OSCP1 might be related to the development and/or progression of liver cancer. Toda et al. analyzed 41 single SNPs of NOR1/OSCP1 gene in 18 Japanese patients with non-viral liver carcinoma. As compared with database of dbSNP, they found the genotype frequencies for 2 non-synonymous SNPs [rs34409118 (Thr 131 → Ala) and rs1416840 (Ile 219 →Thr)] and 1 synonymous SNP [rs16822954 (Ser193 → Ser)] to be statistically significant [44] . To date, how these genetic variants of NOR1 gene involved in carcinogenesis is not well studied. One possibility is that genetic variants in NOR1 gene lead to change of amino acids which might affect NOR1 protein structure or biological functions.
Epigenetic modification plays a critical role in gene regulation. In contrast to genetic alterations lead to DNA sequence change, epigenetic alterations affect the chromatin structure and gene transcription without changing the genome sequence [45] . NOR1 epigenetic alteration was firstly found to be associated with acute myeloid leukemia (AML) [21] . By use of bisulfite pyrosequencing, Kroeger et al. found 7 gene of which NOR1 included were hypermethylated in AML. Methylation of NOR1 is correlated with Nucleophosmin/nucleoplasmin 2(NPM2), which is a core histones chaperone involved in chromatin reprogramming [46] . Hypermethylation of NOR1 was also found occurred in chronic myelogenous leukemia (CML). More important, the methylation intensity of NOR1 significantly increased when the disease was progressed from chronic phase (CP) to the accelerated phase (AP) and eventually to the blastic phase (BP). Hypermethylation of NOR1 was associated with imatinib resistance and shorter median survival of CML patients. Thus, aberrant NOR1 methylation is a negative risk factor in the pre-imatinib era patients [23] . Li et al. also found hypermethylation of NOR1 promoter region and concomitant loss of expression occurred in NPC development [20, 47] .
Human NOR1 protein is highly expressed in normal nasopharynx epithliums but dramatically decreased in NPC tissues [16, 20] . By use of NPC tissue array, Wang et al. found that loss of NOR1 protein expression was associated with poor overall and event-free survival of NPC patients [27] . Sengupta et al. performed genome-wide expression profiling of laser-microdissected NPC tissues and normal nasopharynx epitheliums [48] , from these data, NOR1 mRNA was found to decrease in NPC tissues. NOR1 protein was high in normal testis but it was markedly decreased testicular germ cell tumors (TGCTs), of which seminoma tissues exhibited the lowest level of NOR1 protein. However, NOR1 immunoreactivity was remain relative high level in embryonal carcinoma tissues [49] . Thus, down-regulation of NOR1 protein is strongly associated with histologic types of human testicular cancer. It has been shown that human NOR1 gene was down-regulated in cervical cancer (CCA) and prostate cancer (PC) tissues [18, 19] . Furthermore, Xiang et al. analyzed NOR1 protein expression level by searching of The human protein Atlas database and found NOR1 protein was weak or absent in most malignant cells such as glioma, but increased in heptocellular carcinoma (HCC) tissues [17] . Recently, Li et al. found that HCC samples exhibits elevated NOR1 expression and NOR1 expression is associated with a poor differentiation grade and metastasis [50] . However, our unpublished data suggested overexpression NOR1 showed little effect on HCC HepG2 cells proliferation. The heterogeneity of NOR1 expression in different cancer tissues implies functional diversity of NOR1 in different cells. Thus, the role of NOR1 on HCC development needs to be clarified by more detailed study.
Role of NOR1 in cancer development
Aberrant silencing TSGs play a critical role in cancer development [51] [52] [53] . As mentioned above, hypermethylaion of NOR1/OSCP1 promoter region occurs in NPC and hematopoietic malignancy, and down-regulation of NOR1 protein level in NPC, CCA, PC and TGCTs samples, which indicate that NOR1/OSCP1 may be involved in cancer development.
NOR1 suppresses tumor cells proliferation and promotes apoptosis
It has been shown that re-expression of NOR1 significantly inhibited NPC cells and human cervix cancer HeLa cells proliferation and greatly reduced its capacity to form colonies [18, 20, 54, 55] . NOR1 mediated proliferation inhibition in both NPC cells and HeLa cells is associated with cell cycle S phase arrest [18] . Similar to this, an in vivo study also revealed that overexpression of dOSCP1 in Drosophila eye imaginal discs induced a delay in S phase progression and led to a rough eye phenotype in adult flies [26] . Knockdown of NOR1 in HeLa cells enhanced cell viability and attenuated H2O2 induced apoptosis [56] . NOR1 also inhibited cells proliferation and induced apoptosis in prostate cancer cells [19] .
More importantly, NOR1 has been observed to promote apoptosis in NPC, CCA and PC cells by mediating mitochondrial apoptosis pathway. Re-expression of NOR1 in HeLa cells up-regulates p53 and Bax protein level, contrastly down-regulates Bcl-2 protein level, consequently activated caspase 9 [18] . Knockdown of NOR1 in HeLa cells resulted in increase of Bcl-2 mRNA and protein level, and then attenuated H2O2 induced apoptosis [56] . NOR1 also promotes apoptosis in prostate cancer PC3 cells by up-regulation of pro-apoptotic Bax and Bak but down-regulation of Bcl-2 and Bcl-xL. It has been shown that NOR1 mediated proliferation inhibition and induction apoptosis via activating MAPK signaling pathway [19] . Recently, the tumor suppressor function of NOR1 was further convinced by an in vivo model [25, 26] . When overexpressed in Drosophila eye imaginal discs, dOSCP1 induced cell cycle S phase arrest and caspase 3-dependent cell death [26] . However, dOSCP1 induced endoplasmic reticulum stress and unfolded protein response (UPR) activation in salivary gland cells, which imply dOSCP1 function in vivo is context dependent. Thus, both in vitro and in vivo evidences indicated NOR1 functions as a TSG in cancer development by inhibiting cell proliferation and inducing apoptosis. Interestingly, knockdown of dOSCP1 in the Drosophila eye imaginal discs also caused mitochondrial fragmentation and caspase-dependent apoptosis [25] , which suggested that NOR1 expression is also required for maintenance of intact mitochondrion.
NOR1 regulates metabolism reprogramming in NPC cells
In normal cells, the vast majority of cellular ATP is produced through mitochondrial oxidative phosphorylation (OXPHOS). Unlike its normal counterparts, tumor cells use glycolysis rather than OXPHOS to meet energy demands. Even in normoxia condition, tumor cells favour glycolysis rather than OXPHOS to produce ATP to accelerate cell proliferation and tumor growth which is called aerobic glycolysis or Warburg effect [57, 58] . The solid tumor cells is heavily dependent on glycolysis to accelerate cell proliferation and tumor growth. However, the mitochondrion and OXPHOS is not fundamentally impaired in cancer cells as otto Warburg previously expected [59, 60] . For example, in a thymic lymphomas mouse model drived by homogenous deletion of the tumor suppressor p53, both glycolysis and mitochondrial respiration were greatly increased [61] . Accumulated evidences indicate that tumor mitochondria are functionally competent as compared to normal cells. Notably, increased glutamine consumption through mitochondrial tricarboxylic acid cycle (TCA) was observed in many human cancer models [62, 63] . Xiang et al. found exogenously expressed NOR1 protein partially distributes in mitochondrion, which permit it spatially close to mitochondrial energe producer. By use of the yeast two hybrid system, they also found NOR1 interact with mitochondrion ATP synthase subunit ATP5O [64] , which imply that NOR1 might be involved in energe metabolism. Li et al. further revealed that re-expression of NOR1 in NPC HNE1 cells resulted in decreased glucose consumption and lactate production. Interestingly, they also found decreased mitochondrial oxygen consumption, reactive oxygen species (ROS) level and consequently slowdown of cell proliferation in NOR1 expressing cancer cells. Thus indicating simultaneous inhibition of both glycolysis and mitochondrial OXPHOS in NPC cells by NOR1 [24] . These observations indicate that glycolysis and mitochondrial respiration are not always mutually exclusive in cancer development.
NOR1 regulates oxidative stress, autophagy apoptosis crosstalk
Oxidative stress reflects an imbalance between the production of free radicals and the ability of biological system to remove or detoxify the harmful effects of reactive species (RS). Oxidative stress plays a Janus-face like effect in cancer development and therapy [65] . On one hand, reactive species can chemically interact with biological macromolecules such as DNA, protein or lipid and result in DNA damage, mutations, or loss of enzyme activities, consequently lead to increase of genome instability and cancer formation [66, 67] . On the other hand, sustained oxidative stress or too many free radicals can injure or kill cells [68, 69] . Tumor cells have a increased tolerance to oxidative stress induced cell death although there was high and persistent oxidative stress occurs in tumors [70, 71] . Cells respond to oxidative stress by orchestrating various defense mechanisms such as increase of anti-oxidants, autophagy [72] , remove impaired protein by the ubiquitin-proteasome system [73, 74] . Autophagy refers to a regulated cellular catabolic process for delivery, degradation and recycling of unnecessary or dysfunctional cytoplasmic materials such as macromolecules and organelles in lysosomes of eukaryotic cells [71, [75] [76] [77] . Li et al. identified a functional promoter of NOR1 gene and characterized the NOR1 promoter is HSF1 and NRF1 regulated [20] . Both HSF1 [78] [79] [80] and NRF1 [81, 82] play essential role in oxidative stress response. Li et al. further found that NOR1 expression is induced by H2O2 through activating HSF1 and NRF1. They also found NPC cells respond to oxidative stress by activating autophagy to prevent further damage. Re-expression of NOR1 in NOR1 deficient NPC cells suppresses the production of ROS and the basal level of autophagy and H2O2 induced autophagy, thus lead to apoptotic cell death in stress conditions [24] (Figure 2) . Recently, it has been reported that knockdown of Knockdown of Drosophila orthologue of human NOR1 dNOR1/dOSCP1 in the eye imaginal discs results a compensatory proliferation and ROS generation [25] , suggesting a conserve role of NOR1 on ROS production. NOR1 mediated autophagy/apoptosis switch of tumor cells is associated with suppression ATG3, Beclin 1 and imbalance of mitochondrial Bax/Bcl-xL ratio in NPC cells. NOR1 protein was found partially distributes in mitochondrion which permit it spatially close to mitochondrial Bcl-2 family apoptosis modulators. Under oxidative stress conditions, re-expression of NOR1 facilitates Bax translocation to mitochondrion and further release of death protein Smac/Diablo, which in turn activates cytoplasmic caspase cascade [24] (Figure 2) . Furthermore, NOR1 also enhanced cisplatin cytotoxicity and cisplatin-induced apoptosis in NPC tumor cells [24] . stimulates the expression and activity of HSF1 and NRF1 transcription factor, which bind to NOR1 promoter and promote NOR1 expression. Elevated NOR1 protein inhibits Beclin 1 and ATG3 protein level and led to dysfunction of autophagy. NOR1 protein also translocate to mitochondrion and increase Bax/Bcl-xL ratio of mitochondrion, thus led to increase of the permeability of mitochondrion outer membrane and lease of cell death inducing protein Smac which in turn lead to activation of caspase cascade.
NOR1 mediates tumor cells adaptation to hypoxia
Hypoxic microenvironment represent a characteristic feature of solid tumors, which was believed is mainly due to more aggressive, rapidly growth rate of tumor cells than endothelial cells and decreased perfusion ability of oxygen in intratumoral architecture [83] . Hypoxia is associated with attenuation of proliferation and induction of differentiation. Severe hypoxia even leads to necrosis or apoptosis. On the other hand, tumor cells could adapt to hypoxia environment by switching its metabolism. It has been considered that successful adaptation to hypoxia and acidosis is essential for developing a more aggressive phenotype of cancer [84] . Tumor cells respond to hypoxia mainly by activating hypoxia-inducible factor 1 which is usually hydroxylated and further degraded by ubiquitin-proteasome system under normal oxygen tension [85] [86] [87] . It has been reported that HIF1 mediated up-regulation of mitochondrial pyruvate dehydrogenase kinase 1 (PDK1) to rescues tumor cells from hypoxia-induced apoptosis [88] . PDK1 was found to be upregulated in head and neck squamous cancer (HNSCC) and was strongly associated with poor outcome [89] . Xiang et al. also found that PDK1 protein increased in NPC cell lines and tumor biopsies [90] . By use of microarray, Xiang et al. observed that re-expression of NOR1 in NPC cell lines decreases mitochondrial PDK1 expression and strongly inhibits tumor cells proliferation and cell survival under hypoxia. NOR1 causes tumor cells to undergo apoptosis in hypoxic was correlated with a pro-apoptotic increase in the ratio of mitochondrial Bax/Bcl2 ratio and corresponding mitochondrial cyto c release. There was also a corresponding increased activation of the caspase-9/caspase-3/PARP signal cascade in NOR1 expressing NPC cell lines. Overexpression of dNOR1/dOSCP1 also induces of caspase-dependent apoptosis in adult flies eye imaginal discs [26] . It has been proposed that cells adapts to hypoxia by activating the unfolded protein response (UPR) [91] . Huu NT et al. found that dNOR1/dOSCP1 localizes in endoplasmic reticulum (ER) in salivary gland cells [31] . Interestingly, overexpression of dNOR1/dOSCP1 caused ER stress in Drosophila salivary gland cells, as evidenced by increase of ER chaperones marker KDEL immunostaining [26] . Thus, our data and others collectively indicate that NOR1 act as a tumor suppressor by altering PDK1 expression and hampering tumor cells adaptation to hypoxia [90] .
NOR1 suppresses epithelial-to-mesenchymal transition and metastasis via FOXA1-HDAC2/slug axis
The epithelial-to-mesenchymal transition (EMT) is a biological process characterized epithelial cells lose their cell polarity and cell-cell adhesion but acquire a migratory, mesenchymal properties [92] [93] [94] . It has been considered that EMT is a prerequisite for tumor infiltration and metastasis [95, 96] . Several transcriptional factors, including SNAI1, SNAI2 (SLUG), and TWIST were initially recognized as master factors of EMT by suppressing CDH1 expression [97] [98] [99] . NPC cells exhibit early tendency of locally spreading to the parapharyngeal space bulky regardless of the size of the primary tumors [100] . Wang et al. found overexpression of NOR1 in NPC cells resulted in inhibition of EMT and decreased mobility. Mechanistically, NOR1-mediated inhibition of EMT via suppressing slug but not snail. NOR1 induced cytokeratin 4 and cytokeratin 13 expression without alteration of E-cadherin [27] . Overexpression of NOR1 in high metastatic potential NPC 5-8F cells induced significant morphological changes characterized by disturbed the actin cytoskeleton and less lamellipodia formation [101] . Overexpression of slug in NOR1 expressing NPC cells rescued cell mobility and invasive behavior. Inhibition on slug by NOR1 is likely through alteration of slug associated histone remodeling by disturbing balance of Slug-associated H3K9 acetylation and tri-methylation, since overexpression of NOR1 led to increased tri-methylation H3K9(H3K9Me3; repressed chromatin marker) but concurrent decreased Slug-associated acetylation of H3K9 (H3K9Ace; active chromatin marker). Conversely, a decrease H3K9 tri-methylation levels and an increase in Slug-associated H3K9 acetylation occurred in NOR1 stable knockdown HeLa cells. The repressive effect of NOR1 on Slug is dependent on upregulation of transcription factors FOXA1 and HDAC2, which suppress slug transcription by directly binding to slug promoter (Figure 3 ). Silencing either FOXA1 or HDAC2 in NOR1 expressing cells lead to recovery of slug expression and elevated cell mobility and invasive behavior [28] . Thus, it has been proposed that dysfunction of the NOR1-FOXA1/HDAC2-Slug network is an essential step in the EMT program during NPC progression.
Conclusions
There is an emerging role of NOR1 in cancer biology and developmental biology. However, since NOR1 is mainly a cytoplasmic protein, one of the most challenging is to figure out how NOR1 transduce cell signal from cytoplasm to nuclear transcription activation. It's important to identify cellular interaction partners of NOR1 protein in cytoplasm to mediate cell signal transduction by NOR1. To date, most works about NOR1 were conducted in vitro system, it's urgent to further deciphering NOR1 function by using in vivo models such as gene knockout mice. Figure 3 . A schematic illustration of NOR1-FOXA1/HDAC2-SLUG regulatory network in the EMT and dedifferentiation process of NPC. High levels of NOR1 expression lead to optimal expression of pioneering factor FOXA1, which exhibit inhibitory effect on Slug promoter activity. Expression of also lead to increase of histone deacetylase HDAC2 level in NPC cells, which cooperate with FOXA1 to suppress slug transcription via de-acetylation of slug associated H3K9. Repression of slug eventually resulted decrease of vimentin but increase of epithelial keratins, thus lead to inhibition of EMT and dedifferentiaon of NPC cells.
